Abstract: This paper's aim is to present an analysis of the influence of the 2-DoF controllers proportional set-point weight over the servo-control performance and to show that the removal of the existing constraint for its selection (0 ≤ β ≤ 1.0) will allow to improve its performance when a high robust regulatory control system is required. A concrete analysis is conducted by using 2-DoF PID tuning approaches that explicitly take the desired robustness level as a design parameter. It is seen that as the desired robustness increases the tuning methods suggest values β > 1.0. Performance looses are evaluated if we are to be constrained to the case β ≤ 1.0.
INTRODUCTION
Since their introduction in 1940 (Babb, 1990; Bennett, 2000) commercial Proportional -Integrative -Derivative (PID) controllers have been with no doubt the most extensive option found on industrial control applications. Their success is mainly due to its simple structure and meaning of the corresponding three parameters. This fact makes PID control easier to understand by the control engineers than other most advanced control techniques.
With regard to the design and tuning of PID controllers, there are many methods that can be found in the literature over the last sixty years. Special attention is made of the IFAC workshop PID'00 Past, Present and Future of PID Control held in Terrassa, Spain, on April 2000, where a glimpse of the state-of-the-art on PID control was provided. It can be seen that most of them are concerned with feedback controllers which are tuned either with a view to the rejection of disturbances (Cohen and Coon, 1953; López et al., 1967; Ziegler and Nichols, 1942) or for a well-damped fast response to a step change in the controller set-point (Martin et al., 1975; Rivera et al., 1986; Rovira et al., 1969) . The Two-Degree-of-Freedom (2-DoF) formulation is aimed at trying to met both objectives. This second degree of freedom is aimed at providing additional flexibility to the control system design. See for example (Araki, 1984a (Araki, ,b, 1985 and its characteristics revised and summarized in Araki, 2000, 2002) and , as well as different tuning methods that have been formulated over the last years Åström et al., 1992; Åström and Hägglund, 2004; Aström et al., 1998; Gorez, 2003; Hang and Cao, 1996; Hägglund andÅström, 2002; Taguchi and Araki, 2000) . This second degree of freedom is found on the presented literature as well as in commercial PID controllers under the form of the well known set-point weighting factor (usually called β) that ranges within 0 ≤ β ≤ 1.0, being the main purpose of this parameter to avoid excessive proportional control action when a set-point change takes place. Therefore the use of just a fraction of the set-point.
There is however a shift of perspective with the introduction of Robustness considerations (Åström and Hägglund (1995 (Åström and Hägglund ( , 2004 (Åström and Hägglund ( , 2006 ). As a result, less aggressive control actions are generated and smooth responses are achieved. However, if the desired level of robustness is high, step response performance can be seriously degraded. This is the analysis conducted in this paper that leads us to conclude that the use of values of β that are beyond the constraint, are definitively needed in order to get better step response performance. The analysis is conducted by using two existing tuning rules for 2-DoF PID controllers that include, as an explicit design parameter, the desired robustness level in terms of the Maximum Sensitivity value. This allows to analyze the effect of going on increasing the desired robustness level. The suggested value for β goes to values β > 1.0 in many of the cases therefore constraining the achievable performance if we are to be limited to a maximum of β = 1.0.
It is worth to notice that even the suggestion of allowing β > 1.0 seems quite common sense and natural, to the knowledge of the authors it has not still been considered. In this paper this proposal is raised within the motivation of the increased use of robustness considerations on what we could call modern control design approaches. The paper is organized as follows. Section 2 introduces the control setup and the 2-DoF PID formulation. Discussion about the selection of the β parameter is also introduced. Section 3 analyzes the effects of constraining the set-point weight on robustness based tuning rules and suggests to relax that constraint in order to met a high demanding robustness-performance tradeoff. On Section 4 an example illustrates how performance increases if larger values of β are allowed. The paper ends in Section 5 with some conclusions.
2-DOF PID FORMULATION
Consider the closed-loop control system of Fig. 1 , where P (s) is the controlled process transfer function, C r (s) the set-point controller transfer function, C y (s) the feedback controller transfer function, and r(s) the set-point, d(s) the load-disturbance, and y(s) the controlled variable (process output). The output of the controller is given by
Without loss of generality we will use an error feedback Ideal PID controller which equation is
where K c is the controller gain, T i the integral time constant, T d the derivative time constant and N the derivative filter constant (usually N = 10 (Visioli, 2006) ). Then, the controllers' transfer functions are
and
The closed-loop control system response to a change in any of its inputs, will be given by
or in a compact form by
where M yr (s) is the transfer function from set-point to controlled process variable: the servo-control closed-loop transfer function or complementary sensitivity function; T (s); and M yd (s) is the one from load-disturbance to controlled process variable: the regulatory control closedloop transfer function or disturbance sensitivity function
S(s).
Since all parameters of C r (s) are identical to the ones of C y (s) it is not possible to specify the dynamic performance of the control system to set-point changes, independently of the performance to load-disturbances changes. If the degrees of freedom in control system are defined as the number of closed-loop transfer functions that may be selected independently (Horowitz, 1963) , we have in this case a One-Degree-of-Freedom (1-DoF) control system. The above constraint forces the designer to use a tuning rule developed for the specific required application (servocontrol o regulatory control) finding in the literature tuning rules for regulatory control (Cohen and Coon, 1953; López et al., 1967; Ziegler and Nichols, 1942) , for servocontrol applications (Martin et al., 1975; Rivera et al., 1986; Rovira et al., 1969) or separate tuning rules for both applications (Chien et al., 1952; Kaya, 2004; Sung and Lee, 1999) only to mention a few. Alternatively the 1-DoF can be forced to operate in order to provide a balanced performance with respect to both operation modes. This is the so called implicit 2-DoF PID and has been presented in (Arrieta and Vilanova (2007b,c) ; Arrieta et al. (2008) ). A collection of tuning methods may be found in O'Dwyer (2003) . It has been widely reported elsewhere that a control system with a controller optimized for load-disturbance rejection, normally presents high overshoots to set-point step inputs requiring a detuning with the consequential reduction in its regulatory performance. In such case, considerations about performance degradation of optimal tunings have to be taken into account (Arrieta and Vilanova (2007a) ). In order to provide additional flexibility for the control system design, a second degree of freedom was introduced into the PID algorithms in Araki (1984a Araki ( ,b, 1985 and its characteristics revised and summarized in Araki (2000, 2002) and . Consider now the PID controller equation (Åström and Hägglund, 2006) 
where β and γ are the set-point weights.
The γ parameter is more frequently applied as a derivative mode switch (0 or 1) for the signal reference r. To avoid extreme instantaneous change in the controller output signal when a set-point step change occurs normally γ is set to zero. In this case the new set-point controller transfer function is
and the one for the feedback controller
which is the same as (4) above.
In commercial controllers the proportional set-point weight β may be selected only in the 0 ≤ β ≤ 1.0 range. Given a controlled process P (s), the feedback controller C y (s) parameters (K c , T i , T d ) may be selected to achieve a target performance for the regulatory control M yd (s), and then using the proportional set-point weight (β), in the set-point controller C r (s), to modify the servo-control performance M yr (s). Under the above degree of freedom definition, we have now a Two-Degree-of-Freedom (2-DoF) control system. This option allowed the development of sets of tuning methods for the 2-DoF controllers as the ones found in Åström et al., 1992; Åström and Hägglund, 2004; Aström et al., 1998; Gorez, 2003; Hang and Cao, 1996; Hägglund andÅström, 2002; Taguchi and Araki, 2000) . With regard to the commercial implementation of the PID algorithms, it is usually to find that most of them are of 1-DoF type like the ones described in (ABB ((n.d.); Foxboro (1998); Fuji (2001); Honeywell (2007) ; Rockwell (2003 Rockwell ( , 2005 ) a few include a set-point filter ((Omron, 2007; Yokogawa, (n.d.) ) and very few have 2-DoF capabilities ((Emerson, 2008; Mitsubishi, 2002) ). In particular, the 2-DoF PID controller in (Emerson (2008)) allows both weights in (7) (β and γ) to be selected in the full 0 to 1 range.
PROPORTIONAL SET-POINT WEIGHTING ANALYSIS
From (5) and (6) the servo-control closed-loop transfer function is
and the one for the regulatory control
which are related by
On the other hand, the characteristic polynomial of the closed-loop control system is p(s) = 1 + C y (s)P (s) (14) from where it can be obtained the closed-loop poles location; therefore the closed-loop stability; depends only on the C y (s) parameters, hence not affected by β. This fact makes possible to design first the feedback controller considering the regulatory control performance and the closed-loop control system robustness and, on a second step to modify the set-point controller considering only the servo-control performance (by the introduction of β). Although, the instant change in the controller output signal to a step set-point change is given by Δy r = K c βΔe r = K c βΔr (15) Since the performance optimization of a regulatory control system requires controllers' gains higher than the optimization of the same loop for servo-control operation, the use of a proportional set-point weight β < 1 allows to shift to the left the controller integral mode zero to a desired position to reduce the controlled signal overshoot and also to decrease the instant change in the controller output. From the above presented analysis, it is clear that the use of a 2-DoF controller improves the servo-control performance and no questions arise about the manufactures imposed constraint on the proportional set-point weight selection range. It is along this framework that the above indicated tuning rules for 2-DoF PI and PID controllers; including the ones that take into consideration the control system robustness; constraint the set-point weight to 0 ≤ β ≤ 1 respecting the allowed range in commercial controllers (see for example Åström and Hägglund, 2004; Åström et al., 1998; Gorez, 2003; Hägglund andÅström, 2002; Taguchi and Araki, 2000) ). However, within a more modern framework robustness considerations are an integral part of practically every design approach. In such cases, as it will be explicitly shown in next section, extending the allowed range for the set-point weight will be definitively needed in order to be able to improve the servo-control performance. When a highly robust control system is required due to the expected variations in the controlled process characteristics, a significant reduction in the controller gain is needed and the performance of the control-loop will decrease. The system responses to load-disturbance and set-point changes will be slower. This situation motivates the analysis of the proportional set-point weighting effect over the control system performance when the set-point changes, using two of the available tuning rules for 2-DoF controllers. The choice of the presented tuning rules is based on the fact that they include, as an explicit design parameter, the desired robustness level for the closed-loop control system. This setup allows for a more concrete and objective analysis. However the analysis can be easily extended to other tuning rules as the effect of getting a more robust feedback system is by sure to generate more conservative responses.
ART 2 PI Controller Tuning
The Analytical Robust Tuning for 2-DoF PI controllers (ART 2 ) follows and is outlined here:
• Controlled Process Model:
where K p is the process gain, T is the time constant, and L is the dead-time. It will be referred to τ o = L/T ≤ 1.0 as the controlled process normalized deadtime.
• Controller's Parameters: The ART 2 tuning equations are
(17)
where κ c and τ i are the controller normalized parameters and τ c = T c /T the design parameter (T c is the target regulatory control closed-loop time constant).
• Set-point Weighting: The proportional set-point weight selection criteria is
• Design Parameter: The design parameter τ c may be selected within the range max(0.50, τ cmin ) ≤ τ c ≤ 1.50 + 0.3τ o (20) where τ cmin is given by
allowing to design the control system with a robustness higher than the minimum required (give it by the maximum sensitivity M s ).
Using (20) and (21), the lower limits for the design parameter τ c may be estimated. These are shown in Table 1 for robustness 1.2 ≤ M s ≤ 2.0 and controlled process model normalized dead-time 0.1 ≤ τ o ≤ 1.0.
As it can be seen in Table 1 the lower and higher recommended limits in (20) were reached for the extreme cases (low normalized dead-time and robustness and high normalized dead-time and robustness). For the first case this means that, slow responses with high robustness system requirements will be obtained, and for the second one, that it is not possible to obtain a system with the high robustness specified. The controller's proportional set-point weight may be obtained with (19) and they are shown in Table 2 . As can be seen in this Table the existing upper limit constraint of 1.0 for β was intentionally relaxed (bold).
According to the ART 2 tuning rules, when the normalized dead-time is in the upper side of the range (τ o ≈ 1) and the required system robustness is high, the recommended proportional weight would be higher than 1.0. As it can be seen in the last column of Table 2 , this is the situation for practically all values of τ o when a robustness M s = 1.2 is specified. Therefore, the imposed constraint for the β value selection, in the available commercial Two-Degree- of-Freedom PID controllers, does not allow the designer to use the full capabilities of these controllers.
Integrated Absolute Error (IAE) Optimized PID Tuning
A tuning method for 2-DoF PI and PID controllers that optimizes their performance under a IAE cost functional ensuring at the same time a minimum closed-loop robustness (M s ) is described in Méndez (2008) . Bellow are presented the controller parameters for one particular robustness level, say M s = 1.4.
where K p is the process gain, T is the dominant time constant, a is the time constants ratio and L is the dead-time (τ o = L/T ). • Controller's Set-Point Weight: Table 3 shows the P ID 2 controller's set-point weighting factor for the M s = 1.4 case corresponding to different values of τ o and a. As shown in this table for this robustness most of the recommended proportional set-point weights exceed the 1.0 upper limit (bold). 
EXAMPLE
This section provides an example to show the effect of the proportional set-point weighting over the servo-control system performance. In order to have simulation results more close to industrial practice, in the example it is assumed that all variables can vary in the 0 to 100% normalized range and that in the normal operation point, the controlled variable, the setpoint and the control signal, have all values close to 70%. For the tests a 20% change in set-point followed by a 10% change in load-disturbance will be used in all cases. Performance: Performance will be evaluated for a setpoint change and under the presence of a load-disturbance. The Integrated-Absolute-Error (IAE) that is defined as
and provides a measure for control system output performance. Control input usage: On the other hand to evaluate the manipulated input usage, the total variation of the control effort u(t) (T V u ) is computed. This value is defined, for a discrete signal as the sum of the size of its increments
This quantity should be as small as possible and provides a measure of the smoothness of the control signal. Robustness: The maximum sensitivity value 
is used as a measure of the control system robustness.
Recommended values for M s are typically within the range 1.2 -2.0.
Consider the particular case of controlled process (16) Table 5 . For the low robustness case (M t s = 2.0) the use of a proportional set-point weight lower than 1.0 (β = 0.667) allows to reduce: the servo-control controlled variable overshoot, the control effort upper value and helps to made it smoother compared with the β = 1.0 case. This last case is equivalent to the use of a 1-DoF PI controller. In the high robustness case (M t s = 1.2) the use of a proportional set-point weight higher than 1.0 (β = 2.501) allows to improve the servo-control performance reducing J IAEr without deterioration of the control effort behavior T V ur compared with the case of β = 1.0. This is when the use of the set-point weight, in the 2-DoF PI controller, is setted to the upper limit allowed by the manufacturer. 
CONCLUSIONS
The use of a Two-Degree-of-Freedom (2-DoF) PID controller must allow the control-loop designer to take into consideration the regulatory control performance and control effort requirements in conjunction with the control system robustness and then improve the servo-control performance.
However the analysis of the recommended tuning for its proportional set-point weight has shown that the established constraint by controller's manufactures for its values to the 0 ≤ β ≤ 1.0 range, avoids the designer to exploit the full potential of these controllers. The allowed range for the proportional set-point weight could make sense when the controller design main objectives were only to optimize its performance but nowadays, the performance-robustness trade-off is taken into account within the modern control design formulations. Even included explicitly into the tuning equations as it has been shown in the concrete tuning rules analyzed in this paper. It has been shown that this constraint reduces the performance of the control-loop responses, to a setpoint step change, when a high robustness control system is required. The control system designer will be able to use the full inherent capabilities of the Two-Degree-of-Freedom PID controllers, only when the existing constraint in the setpoint weight selection will be removed by the manufacturers.
